Autophagy protects cells from intracellular pathogens, but can be exploited by some infectious agents to their benefit. Currently it is not known if bacteria induce autohpagy in cells of the cornea. The goal of this study was to develop an ocular surface autophagy reporter cell line and determine whether ocular bacterial pathogens influence host responses through autophagy induction. The cell line was made using lentivirus transduction of an LC3-GFP fusion protein in human corneal limbal epithelial (HCLE) cells. LC3-GFP puncta in HCLEs were induced by rapamycin and ammonium chloride treatments, and prevented by the autophagy inhibitors 3-methyladenine (3′MA) and bafilomycin. Importantly, secretomes from Escherichia coli, Serratia marcescens, Staphylococcus aureus, methicillin sensitive (MSSA) and resistant (MRSA), were found to induce autophagy, whereas other bacteria, including Acinetobacter baumannii, Achromobacter xylosoxidans, Enterococcus faecalis, Klebsiella pneumoniae, Moraxella sp., and Stenotrophomonas maltophilia, did not. Our data indicates differences between tested ocular isolates of MRSA and MSSA in the activation of autophagy. HCLEs treated with 3′MA were slightly more susceptible to cytotoxic factors produced by S. marcescens and MRSA keratitis isolates, by contrast, bafilomycin A1 treatment caused no difference. This work demonstrates the successful development and validation of an autophagy reporter corneal cell line and indicates differences between ocular bacterial isolates in the activation of autophagy.
Introduction
Eye infections caused by bacteria are a frequent and economically burdensome problem in the United States (U.S.) and worldwide (Mohan et al., 2000) . Microbial keratitis or inflammation resulting from infection of the cornea can lead to tissue damage, and vision loss (Lakhundi et al., 2017) . Even when following a strict antibiotic regimen, corneal ulceration can readily occur resulting in perforation in 30% of cases and loss of the eye in 25% of patients (Burton et al., 2011; Chidambaram et al., 2017; Poole et al., 2002) . The primary bacterial pathogens responsible for causing keratitis include Stapylococcus aureus, Pseudomonas aeruginosa, Serratia marcescens, Moraxella sp., Haemophilus influenzae, coagulase-negative Staphylococci, and Stretococcous sp (Kowalski et al., 2013) .
Once keratitis causing bacteria have adhered to the ocular surface, the host combats the infection through an initial innate immune response and then adaptive response (O'Brien, 2003) . A component of the innate response is autophagy, a normal host cellular response that occurs in all eukaryotic cells (Huang and Brumell, 2014) . It is part of the homeostatic mechanisms governing the corneal epithelium (Wang et al., 2013) and normal health of the corneal stroma (Frost et al., 2014) . The role of autophagy is to recycle cellular proteins and damaged organelles, to obtain energy during starvation, and to defend against intracellular microbes (Huang and Brumell, 2014; PeriyasamyThandavan et al., 2009) . Autophagy involves the assembly of vesicle components and proteins to form double membraned autohagosomes containing intracellular components or bacteria that eventually become degraded (Klionsky et al., 2016 ). An often used indicator of autohpagy is the microtubule-associated protein light chain 3 (LC3) protein. LC3 becomes lipidated upon conjugation with phosphatidylethanolamine changing it from its soluble form (LC3-1) to the vesicle associated form (LC3 II) (Klionsky et al., 2016) . The LC3-II protein is a useful marker for autophagy because its conversion shifts from diffuse localization to punctate making it ideal for study by tagging with fluorescent proteins (Klionsky et al., 2016) .
Natural or experimental mutations in autophagy genes from human blood, breast, lung and colon tissue samples, HEK293 kidney cells, as well as mouse models for Alzheimer's disease in the brain, all correlate with a failure to recycle damaged cellular organelles, resulting in an uncontrolled inflammatory response and an increased susceptibility to microbial pathogens (Choi et al., 2013; Espinoza-Mellado Mdel et al., 2016; Yang et al., 2011) . Several studies have demonstrated the importance of autophagy in control of bacterial pathogens. Both H. influenzae live bacteria and their secretome result in increased LC3 localization around phagosomes in human larynx carcinoma cells (Espinoza-Mellado Mdel et al., 2016) . P. aeruginosa and S. pneumoniae bacteria become trapped in LC3 positive phagosomes and are degraded in human mast cells, bronchial epithelial cells, and A549 airway cells (Junkins et al., 2013; Li et al., 2015) . Burkholderia pseudomallei can grow in LC3-marked puncta-positive autophagsomes in RAW 264.7 mouse macrophage-like cell lines and murine embryonic fibroblasts (MEFs); however, pretreatment with the autophagy inducer rapamycin promoted bacterial digestion (Cullinane et al., 2008) . Listeria monocytogenes, Salmonella enterica serovar Typhimurium, S. aureus, and S. marcescens are all capable of activating autophagy, although certain cell types (CHO, HeLa, MEF) fail to degrade the pathogen (Fedrigo et al., 2011; Schnaith et al., 2007; Yu et al., 2014) and, in some instances, permit escape from the autophagosome into the cytosol (Birmingham et al., 2007) .
Emerging evidence suggests that autophagy may have a role in the host response to ocular infectious agents. Intraocular infections caused by the protozoa Toxoplasma gondii can occur in immunocompromised individuals and induce uveitis (Chai et al., 2016) . Autophagy is critical for eliminating T. gondii through CD40 positive mouse bone-derived macrophages, and mutations in CD40 have been linked to increased ocular toxoplasmosis in patients (Chai et al., 2016) . The human herpesvirus Herpes simplex virus type 1 is known to block activation of autophagy by interacting with the autophagy initiation protein beclin-1 to prevent the formation of autophagosomes in mice (Leib et al., 2009) , similarly, both measles virus and varicella zoster virus benefit from the induction of an autophagic state (Buckingham et al., 2015; Richetta et al., 2013 ). Yet, little is known about whether autophagy has a role in regulating ocular surface antimicrobial defenses. Given that the ocular surface is under constant threat by bacteria introduced from air, water, and human skin, the goal of this study was to generate a corneal reporter cell line for assessment of autophagy and eploit this cell line to examine autophagy induction in response to ocular bacterial pathogens. We envision building upon these studies to address key issues in understanding the role of autophagy in host pathogen interactions important for corneal health and disease.
Materials and methods

Development of HCLE LC3-GFP and GFP cell lines
Human corneal limbal epithelial cells (HCLE) (Gipson et al., 2003) were propagated in keratinocyte serum free medium (KSFM) as previously described (Wingard et al., 2011) . To express fluorescent LC3, a lentiviral construct under transcriptional control of a CMV promoter containing LC3-GFP was constructed based on plasmids pLenti CMV GFP Puro and EGFP-LC3 (Addgene plasmid #17448 and 11546) (Campeau et al., 2009; Jackson et al., 2005) . pLenti CMV GFP Puro vector was digested with XbaI and SalI. The EGFP-LC3 fragment was amplified by PCR using primers 5′-TCTAGATCTAGAATGGTGAGCAAG GGCGAGGAG-3′ and 5′-GTCGACGTCGACTCAGTTATCTAGATCCGG TGG-3 (restriction sites underlined), and ligated into pLenti CMV GFP puro, creating pLenti-CMV-GFP-LC3-Puro. The lentivirus constructs were then transfected into 293T cells using lipofectamine 2000 reagent (Invitrogen) and ViraPower Lentiviral packaging mix (Invitrogen) to package lentivirus (LV). At 96 h post transfection supernatants were concentrated using Lenti-X concentrator (Clonetech) and processed according to manufacturer's specifications. HCLE cells were grown in KSFM to 70% confluence and infected with LV-GFP or LV-LC3-GFP at an approximate MOI of 3 using 6 μg/ml polybrene during infection. KSFM was changed 24 h after viral transduction and cells were incubated at 37°C + 5% CO 2 for 72 h. Fluorescence-activated cell sorting (FACS) was used to sort LC3-GFP and GFP control vector positive HCLE cells, using a Beckman FACSaria II. HCLE-GFP control and LC3-GFP cell fluorescence and population frequency were verified by confocal microscopy. FACS resulted in approximately 84% GFP positivity in the cell populations generated.
To validate the LC3-GFP cell line, cells were treated with 0.02 mM rapamycin and 40 mM NH 4 Cl (Amenta et al., 1976) for 3 h. To inhibit autophagy, cells were treated in media containing 5 mM (Wu et al., 2010) 3-methyladenine (3′MA) or 0.002 mM Bafilomycin A1 autophagy inhibitors for 1 h. To quantify autophagy activity, LC3-GFP HCLEs or controls were imaged at 60X magnification on an Olympus IX-81 inverted confocal microscope equipped with Fluoview imaging software. Image J (NIH) was used to calibrate and quantify images. Autophagy levels were quantified according to Klionsky et al. (2016) . Briefly, the standard deviation of green pixel intensity per cell is divided by its mean pixel intensity. The experiment was done on two different days with similar results. The data was averaged from all fields taken per experiment and graphed using GraphPad prism. One way ANOVA with Tukey's post hoc analysis was used to determine statistical significance at P < .05 for LC3-GFP cells.
Measurement of autophagy induced by keratitis isolates
All bacterial stocks (Table 1) were stored at −80°C in glycerol, and then revived by streaking to obtain to single colonies on lysogeny broth (LB) agar. Colonies were grown in lysogeny broth (LB) at 30°C overnight with rotation. Enterococcus and Streptococcus isolates were grown in brain heart infusion (BHI) media at 37°C. Secretomes were prepared from strains by normalizing overnight cultures to OD 600 = 2.0, centrifugation at 14,000 rpm for 2 min, and passing extracellular fluid through a 0.22 μm filter. Normalized secretomes were added to HCLE cells at a ratio of 500 μl/ml KSFM and incubated at 37°C + 5% CO 2 for 3 h. The secretomes were further diluted 2-fold (OD 600 = 1.0) if the organism could not grow to OD 600 = 2.0 or due to excessive cytotoxicity. To prevent LC3-GFP monolayers from detaching in instances of increased cytotoxicity, even when lower densities were used, secretomes were heat treated at 95°C for 10 min. LC3-GFP HCLE cells were imaged on an Olympus IX-81 inverted microscope as described above. Two to three fields per treatment condition were imaged. The experiment was repeated on two different days with similar results. Images were compiled and quantified as described above. One-way ANOVA with Tukey's post hoc analysis was used to determine statistical significance at P < .05. 
Cytotoxicity assays
Cytotoxicity assays were performed with Presto Blue Viability reagent as previously described (Wingard et al., 2011) . 1 × 10 5 HCLE cells were treated with vehicle (water or DMSO), 5 mM 3′MA, or 0.002 mM Bafilomycin A1 for 1 h prior to the start of the experiment and then removed. Secretomes from S. marcescens K904 and S. aureus MRSA K1611 were then added. Treatment conditions were removed at 0, 2, 4, 6, and 25 h post treatment, washed once with PBS and Presto Blue was added. HCLE cells were incubated for an hour and then read on a Biotek Synergy II plate reader. Percent cytotoxicity was calculated and graphed according to Wingard et al. (2011) . Experiments were repeated on four different days with similar results. Student's T test was used to determine statistical significance at P < .05. The experiment was repeated on 3 different days with similar results.
Results
Development of an ocular surface autophagy reporter cell line
Human corneal limbal epithelial (HCLE) (Gipson et al., 2003) cells were modified to express LC3-GFP under control of the constitutive human cytomegalovirus Immediate early (CMV) promoter using lentiviral transduction at multiplicity of infection (MOI) of 3, and were subsequently selected by fluorescence-activated cell sorting (FACS) based on gain of fluorescence. HCLE cells transduced with lentivirus expressing constitutive GFP without LC3 served as control to ensure that LC3-GFP autophagy-induced puncta formation was LC3-specific. To verify increases in LC3 fluorescence in correlation with autophagy activation, LC3-GFP cells were treated for 3 h with the autophagy inducer rapamycin (Yang et al., 2013) , or 40 mM ammonium chloride (NH 4 Cl (Amenta et al., 1976) ) and subsequently imaged by confocal microscopy. Unlike the GFP expressing control cells, LC3-GFP expressing cells developed numerous green fluorescent puncta (Fig. 1A arrow  head) . Autophagy activity based on LC3-GFP localization were quantified as recommended by Klionsky et al. (2016) . Briefly, the standard deviation of the green pixel intensity was divided by the mean pixel intensity and graphed as an LC3-GFP ratio. Cells with increased LC3-GFP puncta formation have higher ratios indicating activation of autophagy. After treatment with rapamycin and NH 4 Cl, LC3-GFP cells showed significant increases in LC3-GFP ratios compared to mock treated cells (P value < .05; Fig. 1B) , whereas there were no significant changes in fluorescence ratios in HCLE GFP expressing control cells treated with rapamycin (P value < .05; Fig. 1C ). LC3-GFP cells were treated with the group III phosphoinositide 3-kinase (PI3K) autophagy inhibitor 3-methyladenine (3′MA) and the V-ATPase inhibitor bafilomycin A1 for 1 h prior to exposure to rapamycin to validate autophagy inhibition in LC3-GFP cells. 3′MA inhibition significantly reduced LC3-GFP ratios by 32% in cells treated with the autophagy inducer rapamycin, validating its efficacy (P value < .05; Fig. 1A and C) . As an additional verification of the cell line, bafilomycin A1 significantly reduced ratios by 35% (P value < .05; Fig. 1A and B) . We conclude that these HCLE derived cells can effectively report autophagy induction and inhibition.
The impact of gram-negative keratitis isolate secretomes on autophagy
Gram-negative bacteria frequently cause keratitis, often through not well defined mechanisms (Hume et al., 2007; Lakhundi et al., 2017; Marquart and O'Callaghan, 2013) . The HCLE LC3-GFP cell line was therefore used to test whether secretomes from gram-negative ocular pathogens can induce autophagy in corneal cells. Bacterial secretomes were prepared by normalizing overnight cultures of bacteria in lysogeny broth, followed by centrifugation and filtration to remove bacteria. These normalized bacteria free secretomes were used to challenge the LC3-GFP cell line. In general, these secretomes did not perturb the integrity of the HCLE LC3-GFP cell line, with some exceptions (noted below). Significant increases in LC3-GFP ratios were observed in E. coli K746 and S. marcescens K904 secretome treated cells in comparison to mock treatment conditions (P value < .05; Fig. 2 ). Because S. marcescens K904 secretomes are highly cytotoxic to HCLE cells only diluted secretomes could be used, we also tested S. marcescens PIC3611, a strain previously demonstrated to be much less cytotoxic to HCLE cells (Brothers et al., 2015b; Shanks et al., 2015) . Remarkably, exposure to S. marcescens PIC3611 secretome resulted in significant increase in LC3-GFP ratios, higher than the other tested Gram-negative bacteria (P value < .05; Fig. 2) . Proteus mirabilus K2675, Acinetobacter baumanii K1880, Achromobacter xylosoxidans K1891, Moraxella sp. K2774, and Stenotrophomonas maltophilia K1852 did not demonstrate detectable increases in LC3-GFP suggesting that the autophagy induction by the ocular isolate bacterial secretomes tested is associated with a subset of species from the Enterobacteriaceae family (P value > .05; Fig. 2 ).
Since P. aeruginosa strain K900 secretomes caused HCLE LC3-GFP cell layers to lift off of the well, secretomes were heat treated and compared to heat treated S. marcescens K904 secretomes. S. marcescens K904 heat treated secretomes resulted in a similar significant increase in LC3-GFP compared to the non-heat treated samples (P value < .05; Fig. 3 ). P. aeruginosa K900 secretomes were too damaging to the cell line to test even with dilution resulting in the LC3-GFP cells losing adhesion and completely lifting off of the dish (Fig. 3) . Though there were some visible puncta and a trend toward increased LC3-GFP, there was no significant difference compared to mock treatment for cells challenged with heat treated P. aeruginosa secretomes (P value > .05; Fig. 3 ).
The impact of gram-positive ocular isolate secretomes on autophagy
S. aureus is the most frequently diagnosed etiological agent of K.M. Brothers et al. Experimental Eye Research 168 (2018) 12-18 keratitis at the University of Pittsburgh Medical Center Department of Ophthalmology (Kowalski et al., 2013) , and other Gram-positive bacteria, such as Streptococcus species, can also cause keratitis (Kowalski et al., 2013; Marquart and O'Callaghan, 2013) . To determine if Grampositive bacteria induce autophagy in corneal cells, we challenged LC3-GFP HCLE cells treated with secretomes from ocular isolates of E. faecalis, Streptococcus sp., methicillin resistant Staphylococcus aureus (MRSA), and methicillin sensitive Staphylococcus aureus (MSSA) isolates that were grown in LB or BHI medium (Fig. 4) . E. faecalis (E286, E474) and Streptococcus sp. (K2824) LC3-GFP ratios were not significant compared to mock treated cells (P value > .05; Fig. 4 ). MRSA (K1611 and K1628), and MSSA (K2895 and K2905) isolates all showed significant increases in their LC3-GFP ratios in comparison to mock treatment (P value < .05; Fig. 4) . Interestingly, MRSA K1611 had significantly higher LC3-GFP ratios compared to MSSA K2895 and K2905 (P value < .05; Fig. 4 ).
Corneal cells treated with the autophagy inhibitor 3′MA have increased cytotoxicity to keratitis secretomes
To test whether autophagy plays a role in corneal innate defenses against bacterial pathogens secretomes from a Gram-negative bacterium (S. marcescens K904) and a Gram-positive bacterium (MRSA K1611) were compared in the presence and absence of autophagy inhibitors 3′MA and bafilomycin A1. 3′MA produced a significant reduction in LC3-GFP induced by S. marcescens K904 with a 37% reduction (P value < .05; Fig. 5A and B) . MRSA K1611 secretome treatment did not result in a significant reduction in LC3-GFP ratios supporting evidence by Mestre et al. that S. aureus activates autophagy through a mechanism independent of PI3K (Mestre et al., 2010) (P > .05; Fig. 5A and C) . Bafilomycin A1 treatment did produce a significant reduction of LC3-GFP ratios in K904 and K1611 treated cells (P value < .05; Fig. 5) .
To determine the role of autophagy in HCLE survival upon challenge with pathogenic bacteria, HCLE cells were treated with 3′MA or bafilomycin A1 1 h prior to exposure with S. marcescens K904 and MRSA K1611 secretomes. HCLE viability readings were taken at 0, 2, 4, 6, and 25 h post treatment using Presto Blue viability reagent. Cytotoxicity was calculated based on mock treated cells without secretomes added. As an additional control, cytotoxicity was measured in 3′MA and bafilomycin A1 treated cells without secretomes added and no cytotoxicity was observed in autophagy inhibitor treated HCLE cells. 3′MA treatment resulted in a significant increase in cytotoxicity of HCLE cells challenged by S. marcescens K904 secretomes at 4 h post treatment compared to vehicle control (P = .02; Fig. 6A ). Similarly, MRSA K1611 treated HCLEs showed significant increases in cytotoxicity at 2 (P = .007) and 6 (P = .01) hours post 3′MA treatment (Fig. 6) . Bafilomycin A1 treatment resulted in no significant increases at any of the time points tested for cytotoxicity in corneal cells challenged with K904 and K1611 secretomes (Fig. 6B) . Since there was only a slight increase in cytotoxicity in response to K904 and K1611 secretome treatment with 3′MA and no increases with bafilomycin A1 treatment, these data indicate HCLE cytotoxicity in response to secretomes treatment is independent of autophagy and suggest some other cellular mechanism is involved in corneal cell survival against ocular bacterial pathogens.
Discussion
Our results demonstrate successful development and validation of an HCLE LC3-GFP autophagy reporter cell line that can be used to analyze autophagy induction in response to acanthamoeba, bacteria, fungi and viruses, and for basic studies to characterize autophagy in ocular surface cell derivatives.
Autophagy is an important component in innate and adaptive immune response to pathogens and has been documented in many systems. The importance of autophagy in clearance of T. gondii and herpes simplex virus in ocular infections has been demonstrated (Chai et al., 2016) . This study adds to the literature by specifically testing whether ocular bacterial isolate secretomes induce autophagy in ocular surface cells. We report that keratitis isolate secretomes from the Enterobacteriaceae family, including E. coli K746, S. marcescens K904 and PIC3611, showed significant increases in corneal cell autophagy in comparison to untreated cells and this did not occur for the secretomes of P. mirabilus K2675 and other Enterobacteriaceae. These results indicate autophagy in the cornea may not occur with all Enterobacteriaceae. However it is possible that the small number of keratitis isolates tested are not representative, and this will require analysis of more keratitis isolates from this family. It is also important to note that secretomes were used in these studies. As such, it is possible that autophagy responses to live bacteria might have different outcomes. Secretomes from other families of Gram-negative bacteria failed to significantly induce autophagy, including P. aeruginosa. However, P. aeruginosa secretomes had to be heat treated to prevent LC3-GFP monolayers from detaching, thus it is possible that the factors inducing autophagy was inactivated by the treatment. Heat treatment of S. marcescens secretomes did not diminish induction of autophagy. Therefore, if not heat treated P. aeruginosa secretomes can induce autophagy, they likely do so by a different mechanism.
Gram-positive keratitis isolates of MRSA and MSSA both demonstrated significant increases in autophagy, but tested MRSA keratitis isolates demonstrated a significantly greater increase in autophagy compared to MSSA isolates. The role of MRSA and MSSA keratitis isolates in the activation of autophagy on the ocular surface has not been previously studied. Because S. aureus is the most common cause of microbial keratitis recorded in many studies conducted throughout the world (Chang et al., 2015; Lalitha et al., 2017; Marangon et al., 2004; Miller, 2017; Morrissey et al., 2004; Sueke et al., 2010; Varaprasathan et al., 2004) , and MRSA isolates represent 20-40% of the S. aureus keratitis isolates (with the exception of a study in the United Kingdom that found only 3% MRSA isolates (Shanmuganathan et al., 2005) ), understanding the role of autophagy in response to these pathogens is of critical importance.
MRSA bloodstream infections demonstrated the autophagy protein Atg16L1 was critical for mouse survival (Maurer et al., 2015) . S. aureus secreted and bacterial cell associated immunodominant surface antigen B (IsaB) virulence factor prevented immune recognition in mice with skin infections, and increased expression of this factor directly correlated with a decrease in autophagic flux (Liu et al., 2015) . The S. aureus gene agr was shown to be responsible for bacterial growth and recognition by the autophagy pathway in human skin derived keratocytes infected with MRSA (Soong et al., 2015) . These studies suggest MRSA keratitis isolates tested might have mutations in isaB and/or agr, contributing to their robust activation of autophagy observed in our HCLE LC3-GFP cell line. Studies are underway to determine whether our autophagy induction results are specific to MRSA in general or just to the subset of isolates tested.
The PI3K inhibitor 3′MA significantly reduced autophagy activation in S. marcescens K904 treated cells but failed to inhibit activation in the tested S. aureus strain K1611 supporting evidence by Mestre et al. that S. aureus activation of autophagy is independent of PI3K (Mestre et al., 2010) . However, the V-ATPase inhibitor bafilomycin A1 did inhibit autophagy activation in K1611 treated cells suggesting a different mechanism by which S. aureus activates autophagy. Understanding the role of autophagy in innate immunity in the cornea in response to bacteria may allow for the design of therapeutic approaches that modulate autophagy and prevent infection induced vision loss.
Conclusion
These data demonstrate the construction of a new autophagy reporter ocular surface cell line. The reporter was validated using inducers and inhibitors of autophagy, and used to test whether bacterial pathogens of the eye induce autophagy. A subset of tested Gram-negative and Gram-positive pathogens induced autophagy including members of the Enterobacteriacae and the Staphylococcus genus. However, inhibition of autophagy did not render a corneal cell line more susceptible to bacterial secreted toxic factors. The described cell line can be a useful tool for interrogating the role of autophagy in corneal cell biology.
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